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Table 1. Test of independence for mortality of Galleria mellonella by Metarhizium anisopliae s.l. or Beauveria bassiana s.l.

Year Source df? 2 P

2011 Practice” 1 3.84 0.05
Crop°® 1 0.47 0.49
Treatment? 1 0.12 0.73
Practice x Crop 1 2.23 0.13
Practice x Treatment 1 0.09 0.76
Crop x Treatment 1 <0.01 0.96
Practice x Crop x Treatment 1 0.57 0.45

2012 Practice 1 0.20 0.66
Crop 1 1.95 0.16
Treatment 1 0.68 0.41
Practice x Crop 1 2.59 0.11
Practice x Treatment 1 <0.01 0.95
Crop x Treatment 1 0.57 0.45
Practice x Crop x Treatment 1 0.11 0.74

2 df: degrees of freedom

b practice: organic vs conventional

¢ Crop: corn vs soybean

9 Treatment: arable field vs field margin

doi:10.1371/journal.pone.0133613.t001

In the pesticide experiment, fungal treatment significantly affected both the final number of
CFUs and mortality of G. mellonella from Metarhizium spp. (Figs 4 and 5, Table 4). Strain
DWR 346 had overall higher CFUs than strain DWR 356 (df = 98, t-value = 12.42, P < 0.0001)

Fig 3. Abundance of colony forming units (CFUs) of Metarhizium anisopliae s.l. in soil. Bar heights are sample means and error bars are the standard
error of the mean.

doi:10.1371/journal.pone.0133613.9003
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Table 2. Analysis of variance for the number of colony forming units (CFUs) of Metarhizium anisopliae s.l. in the field study.

Year Source df? F P

2011 Practice® 1,35 6.55 0.01
Crop® 1,35 1.74 0.20
Treatment? 1,35 0.43 0.52
Practice x Crop 1,35 0.08 0.78
Practice x Treatment 1,35 0.72 0.40
Crop x Treatment 1,35 1.92 0.17
Practice x Crop x Treatment 1,35 0.05 0.83

2012 Practice 1,27 0.34 0.57
Crop 1,27 0.51 0.48
Treatment 1,27 0.80 0.38
Practice x Crop 1,27 0.47 0.50
Practice x Treatment 1,27 0.09 0.77
Crop x Treatment 1,27 0.58 0.45
Practice x Crop x Treatment 1,27 0.19 0.67

2 df: numerator degrees of freedom, denominator degrees of freedom
b practice: organic vs conventional

¢ Crop: corn vs soybean

9 Treatment: arable field vs field margin

doi:10.1371/journal.pone.0133613.t002

and strain MA 1200 (df = 98, t-value = 5.42, P < 0.0001), and strain MA 1200 had higher
CFUs than strain DWR 356 (df = 98, t-value = 7.00, P < 0.0001). We also found that strain
DWR 356 imposed overall lower proportion mortality of G. mellonella than strain DWR 346
(df = 133, t-value = 4.93, P < 0.0001) and strain MA 1200 (df = 133, t-value = 6.83,

P < 0.0001), but no difference was detected between MA 1200 and DWR 356 (df = 133, t-
value = 1.90, P = 0.1769). However, there was no significant effect of pesticide treatment or sig-
nificant interaction between pesticide treatment and fungal treatment (Table 4), indicating the
exposure to fungicides and herbicides did not significantly reduce the number of viable conidia
or the capacity of Metarhizium spp. to kill G. mellonella (Figs 4 and 5). Additionally, the dead
G. mellonella from the controls that were not inoculated with Metarhizium spp. did not
develop conidia of Metarhizium spp. and none of the Petri dishes receiving soil suspensions
from these controls produced Metarhizium spp. CFUs, indicating that we did not detect any
background levels of Metarhizium spp. in the soil we used for the experiment.

Table 3. Multiple linear regression for number of colony forming unit (CFU) of Metarhizium anisopliae s.l. in 2011.2

Variable Slope Std. error F P
Total Nitrogen (%) -7.47744 2.87781 6.75 0.01
Tillage -1.16204 0.37193 9.76 <0.01
Conventional Field & Herbicides -0.89547 0.34473 6.75 0.01
Conventional Margin -0.86284 0.34885 6.12 0.01
Percent Silt 0.02252 0.00858 6.88 0.01
Organic Fertilizer 1.45412 0.46996 9.57 <0.01
(Intercept) 2.42664 0.57335 17.91 <0.01
aR% = 0.23

doi:10.1371/journal.pone.0133613.1003
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Fig 4. Abundance of colony forming units (CFUs) of Metarhizium spp. in cups of soil treated with foliar applications of fungicides (F) or herbicides
(H). Bar heights are sample means and error bars are the standard error of the mean.

doi:10.1371/journal.pone.0133613.g004

Discussion

In 2011, we found that the occurrence of EPF was significantly greater in the soil of organic
agroecosystems than conventional agroecosystems. This was the case for total abundance of
Beauveria bassiana s.1. and Metarhizium anisopliae s.1. determined by baiting with Galleria
mellonella (Table 1, Fig 2) and for the abundance of M. anisopliae s.1. measured by counting
CFUs in soil (Table 2, Fig 3). Our findings are consistent with Klingen et al. [11] who found
greater occurrence of EPF in soil of organic farms compared to conventional farms in Norway.
It is important to note that the choice of bait insect can influence the diversity of EPF recovered
from soils. For example, Klingen et al. [11] used G. mellonella to recover Metarhizium spp. and
Beauveria spp. from soils, but also used Delia floralis (Diptera: Anthomyiidae) which recovered
the entomopathogenic fungus Tolypocladium cylindrosporum (Hypocreales: Ophiocordycipita-
ceae). Aside from EPF, other studies have observed greater abundance of natural enemies
including predatory beetles, entomopathogenic nematodes, and parasitoids within cropping
systems using organic practices [38, 39]. However, this pattern of increased entomopathogen
abundance may not be consistent across years, as indicated by our 2012 data, and by other
multi-year studies [13, 14]. It may be the case that organic soils foster a greater abundance of
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Fig 5. Proportional mortality of Galleria mellonella from Metarhizium spp. in cups of soil treated with foliar applications of fungicides (F) or
herbicides (H). Bar heights are sample means and error bars are the standard error of the mean.

doi:10.1371/journal.pone.0133613.g005

Table 4. Mixed model analysis of variance for effect of pesticides on Metarhizium spp.

Model Effect df F P

Model #1°¢ Fungi 2,14 19.05 <0.01
Pesticide 4,28 1.17 0.34
Fungi x Pesticide 8, 56 0.90 0.53

Model #2° Fungi 2,14 14.50 <0.01
Pesticide 4,28 1.31 0.29
Fungi x Pesticide 8, 56 1.60 0.14

@ Model #1: Metarhizium spp. colony forming unit (CFU) g™ soil

b Model #2: Mortality of Galleria melionella larvae from Metarhizium spp.

doi:10.1371/journal.pone.0133613.1004

PLOS ONE | DOI:10.1371/journal.pone.0133613 July 20, 2015 12/17



@’PLOS ‘ ONE

Impact of Cropping Practices on Insect Pathogenic Fungi

soil-borne EPF, but additional research is needed to better understand the effects of organic
practices on EPF in corn and soybean fields in the Midwestern United States.

Multiple regression analysis of data from 2011 showed that several factors including physi-
cal properties of soil and some cropping practices, were significantly correlated with the abun-
dance of M. anisopliae s.1. Silt content and use of organic fertilizers were positively correlated
with abundance of M. anisopliae s.1. Soils with higher silt content could have greater water
retention and consequently may protect the fungal conidia from desiccation [40]. Additionally,
soils that received organic fertilizer were positively associated with abundance of M. anisopliae
s.l. Applications of organic fertilizer are not exclusive to organic farmers and some conven-
tional farmers in our survey used them. Organic fertilizers may provide decomposed plant tis-
sues as substrates for EPF mycelium and/or increase the abundance of soil-inhabiting insects
and consequently increase the abundance of potential hosts available to EPF [11]. Meta-
analyses showed greater invertebrate abundance and evenness in organic agroecosystems
which in turn may support a greater abundance of diversity of EPF [4-6]. It is possible that our
organic fields studied in 2011 had more insect activity in the soil and thereby more EPF infec-
tions compared to the conventional fields.

In 2011, several factors also were negatively correlated with abundance of M. anisopliae s.1.
CFUs. Consistent with the results of ANOVA (Table 2; Fig 3), both conventional field and con-
ventional margin showed significant negative effects in multiple regression analysis (T'able 3).
Because all conventional fields received at least one application of herbicide, it is unclear to
what extent herbicides may have negative effects on EPF in conventional fields. Additionally,
none of the farmers, organic or conventional, used fungicides in their fields before the time of
soil sampling. The significant effect of conventional margin suggests that EPF in conventional
field boundaries may be negatively affected by practices that occur within the field, for example,
herbicide drift. de Snoo [41] observed lower abundance and lower diversity of insects inhabit-
ing field margins that were sprayed with herbicides compared to the field margins left
unsprayed. Lower numbers of insects in these reservoirs outside the field could correlate to
fewer hosts for EPF [23]. Additionally, CFU abundance decreased with soil nitrogen content
(Table 3). Due to the extreme complexity of soil environments, discerning the relationship
between nitrogen concentrations and EPF abundance is difficult. This result could be indirectly
mediated by a diversity of soil microorganisms, for example, bacteria that may exploit elevated
nitrogen concentrations and subsequently outcompete EPF propagules for substrates. Tillage
was also associated with lower abundance of M. anisopliae s.1. Tillage may be harmful to soil
microorganisms, even in organically managed systems, because tillage can move EPF to the
soil surface thereby exposing conidia to ultraviolet radiation, high temperatures, and desicca-
tion [13, 14, 42]. Across all years of a field study, Sosa-Gomez and Moscardi [16] measured
higher titers of soil-borne EPF in no-till soybean fields compared to fields that were tilled. It
should be noted that there were other soil and field properties we did not measure, which likely
may have explained additional variation of EPF titers. We did not ask farmers about insecticide
applications and the history of insect pests in these fields. In addition, micronutrients, metallic
ions, pH and other soil properties were not quantified in our field survey.

Although many studies have found herbicides and fungicides to be inhibitory to EPF in
vitro, fewer have been able to replicate this effect in the field. Similar to Bruck [43], we found
no effect of fungicides on EPF in bulk soil (Figs 4 and 5, Table 4). Furthermore, the two herbi-
cides used in our experiment had no significant impact on EPF. Loria et al. [44] found that the
fungicides mancozeb and metiram were inhibitory to B. bassiana s.1. on agar media in the labo-
ratory, but only mancozeb negatively impacted B. bassiana s.1. abundance on potato foliage in
the field. Fewer studies have measured the negative impacts of herbicides and fungicides on
EPF in belowground systems. Based on our findings and previous studies, it would appear that
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some herbicides and fungicides do not have a significant impact on M. anisopliae s.1. in bulk
soil in the short term nor do they impact infection of some host insects [43, 45]. Future studies
should measure soil-borne EPF titers over more time and include the rhizosphere (i.e., plant-
soil interface) to better simulate field scenarios.

The fungus B. bassiana s.1. was rarely recovered from our soil samples, but it does not neces-
sarily mean that it is scarce in agroecosystems. A review by Scheepmaker and Butt [46] found
that geometric mean fungal densities of B. bassiana s.1. varied greatly by soil type and crop,
whereas geometric mean fungal titers for M. anisopliae s.1. were more cosmopolitan and greater
in density. Also, M. anisopliae s.l. is easily isolated from agricultural soils whereas B. bassiana s.
L. tends to be found in undisturbed forest habitats and semi-natural landscapes [47-49]. Rud-
een et al. [8] recovered B. bassiana s.1. in 60% of soil samples from corn fields using the same
Galleria bait method; however, samples were taken from corn root masses and it is possible
that B. bassiana s 1. prefers to reside in close proximity to plant tissue as opposed to bulk soil.
Our soil samples were taken between crop rows adjacent to crops, but plants were not
uprooted. M. anisopliae s.1. CFUs in our soil samples were in the thousands per gram of soil. By
contrast, for the few Petri dishes of selective media that produced B. bassiana s.1., densities
were ca. 150 CFUs g'* soil, and as such, other samples with B. bassiana s.1. could have gone
undetected with the dilutions used on the selective media. Consistent with this hypothesis,
Bing and Lewis [14] found an average of only 51 to74 B. bassiana s.J. CFUs g soil in Towa
cornfields.

In contrast to data from 2011, the summer of 2012 showed no significant differences
between organic and conventional cropping systems and this may have resulted from abnor-
mally high seasonal temperatures and drought that occurred in Iowa during 2012. By the end
of July 2012, 100% of Iowa was in severe drought; by contrast, at the end of July 2011, 0% of
Iowa was in severe drought [50]. Many of the studies on EPF have concluded that environmen-
tal conditions including precipitation and temperatures can explain seasonal variations in
abundance [13, 14, 51]. For example Yaginuma [52] found that rainfall varied greatly by year
but was highly correlated (r = 0.94) with the number of apple orchard insects infected by EPF.
The warm weather during the spring of 2012 may have shortened the date of early insect activ-
ity for populations of insect pests in Iowa fields [53]. As a consequence of the earlier insect
activity in 2012, EPF titers may have been bolstered by greater numbers of invertebrate hosts
that resided in the soil before our time of sampling. In addition, the extreme drought caused
cracking of the upper 15 to 30 cm of most soils, and thus no-till fields may have suffered the
same changes to topsoil that tilled fields experienced at the time of sampling [53]. We hypothe-
size that the 2012 drought masked any soil-altering effects of farming practices that may have
explained the variation of EPF titers in 2011 when precipitation and temperatures were closer
to the historical averages.

To preserve EPF and thereby their beneficial services, data are needed on how cultural, bio-
logical and mechanical practices in cropping systems may affect EPF. For one year of the field
study, we found that factors including the particulate composition of soil, absence of tillage,
and organic fertilizers were correlated with enhanced abundance of M. anisopliae s.1. The
severe drought in 2012 may have negated any abundance-bolstering effects of agricultural
practices like no-tillage on soil-borne EPF titers. In 2011, we found that the abundance of M.
anisopliae s.1. in field margins was negatively affected by proximity to conventional fields, sug-
gesting that cropping practices within a field could affect soil-borne microorganisms outside of
a field. However, it is unclear if such negative effects would extend beyond the ecologically
homogenous grassy field margins evaluated in this study. To the extent that increased EPF
enhances suppression of pest insects, these data indicate that organic cropping systems will
enjoy the benefit of reduced pest abundance during some years. Furthermore, crop producers
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may be able to take advantage of ecosystem services provided by EPF through conservation
biological control by adopting practices that enhance EPF abundance, including use of organic
fertilizers and no-till agriculture. At the same time, there are some factors that cannot be
manipulated by growers, including soil composition and weather, which can greatly impact
communities of natural enemies in belowground systems. Because of the 2012 drought and the
implications of climate change, future multi-year studies should monitor communities of soil
microbiota in agroecosystems and how beneficial organisms like Metarhizium anisopliae s.1.
may be affected by weather extremes. Considering the results of both the multiple regression
analysis and the pesticide experiment, soil-borne EPF appear to be robust to some conventional
farming practices whereas other practices, especially tillage, could have greater impacts on EPF
titers. More research will be required to quantify the benefits achieved by cultivating a higher
abundance of EPF in agricultural soils.
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Acknowledgments

Practical Farmers of Iowa facilitated communication with land owners. James Robbins and
Bob Gunnarson, of USDA-ARS, and David Nguyen assisted with experiments. Cynthia Cam-
bardella of USDA-ARS for advice on soil experiments.

Author Contributions

Conceived and designed the experiments: EHC STJ AJG. Performed the experiments: EHC.
Analyzed the data: EHC AJG. Contributed reagents/materials/analysis tools: ST]T AJG EWH.
Wrote the paper: EHC AJG EWH STJ.

References

1. Garratt MPD, Wright DJ, Leather SR. The effects of farming system and fertilisers on pests and natural
enemies: a synthesis of current research. Agric. Ecosyst. Environ. 2011; 141:261-270.

2.  Willer H, Lernoud J. The world of organic agriculture: the results of the latest survey on organic agricul-
ture worldwide. BioFach Congr. 2013. Nuremberg, Germany.

3. AMS [Agricultural Marketing Service]. National Organic Program—About Us. 2014. Available: http://
www.ams.usda.gov/AMSv1.0/nop. Accessed: 24 November 2014.

4. Bengtsson J, Ahnstrdom J, Weibull A-C. The effects of organic agriculture on biodiversity and abun-
dance: a meta-analysis. J. Appl. Ecol. 2005; 42: 261-269.

5. Crowder DW, Northfield TD, Strand MR, Snyder WE. Organic agriculture promotes evenness and natu-
ral pest control. Nature. 2010; 46(7302): 109—112.

6. Crowder DW, Northfield TD, Gomulkiewicz R, Snyder WE. Conserving and promoting evenness:
organic farming and fire-based wildland management as case studies. Ecology. 2012; 93(9):
2001-2007. PMID: 23094371

7. VegaFE, Goettel MS, Blackwell M, Chandler D, Jackson MA, Keller S, et al. Fungal entomopathogens:
new insights on their ecology. Fungal Ecol. 2009; 2: 149-159.

8. Rudeen ML, Jaronski ST, Petzold-Maxwell JL, Gassmann AJ. Entomopathogenic fungi in cornfields
and their potential to manage larval western corn rootworm Diabrotica virgifera virgifera. J. Invertebr.
Pathol. 2013; 114: 329-332. doi: 10.1016/j.jip.2013.09.009 PMID: 24120889

9. Hajek AE, Leger RJ St.. Interactions between fungal pathogens and insect hosts. Annu. Rev. Entomol.
1994; 39:293-322.

PLOS ONE | DOI:10.1371/journal.pone.0133613  July 20, 2015 15/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0133613.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0133613.s002
http://www.ams.usda.gov/AMSv1.0/nop
http://www.ams.usda.gov/AMSv1.0/nop
http://www.ncbi.nlm.nih.gov/pubmed/23094371
http://dx.doi.org/10.1016/j.jip.2013.09.009
http://www.ncbi.nlm.nih.gov/pubmed/24120889

@’PLOS ‘ ONE

Impact of Cropping Practices on Insect Pathogenic Fungi

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Behie SW, Zelisko PM, Bidochka MJ. Endophytic insect-parasitic fungi translocate nitrogen directly
from insects to plants. Science. 2012; 336: 1576—1577. doi: 10.1126/science.1222289 PMID:
22723421

Klingen |, Eilenberg J, Meadow R. Effects of farming system, field margins and bait insect on the occur-
rence of insect pathogenic fungi in soils. Agric. Ecosyst. Environ. 2002; 91: 191-198.

Meyling NV, Thorup-Kristensen K, Eilenberg J. Below- and aboveground abundance and distribution of
fungal entomopathogens in experimental conventional and organic cropping. Biol. Control. 2011; 59:
180-186.

Jabbour R, Barbercheck ME. Soil management effects on entomopathogenic fungi during the transition
to organic agriculture in a feed grain rotation. Biol. Control. 2009; 51: 435-443.

Bing LA, Lewis LC. Occurrence of the entomopathogen Beauveria bassiana (Balsamo) Vuillemin in dif-
ferent tillage regimes and in Zea mays L. and virulence towards Ostrinia nubilalis (Hibner). Agric. Eco-
syst. Environ. 1993; 45: 147—-156.

Hummel RL, Walgenbach JF, Barbercheck ME. Effects of production practices on soil-borne entomo-
pathogens in western North Carolina vegetable systems. Environ. Entomol. 2002; 31: 84-91.

Sosa-Gomez DR, Moscardi F. Effect of till and no-till soybean cultivation on dynamics of entomopatho-
genic fungi in the soil. Fla. Entomol. 1994; 77(2): 284—287.

Samson PR, Milner RJ, Sander ED, Bullard GK. Effect of fungicides and insecticides applied during
planting of sugarcane on viability of Metarhizium anisopliae and its efficacy against white grubs. Bio-
Control. 2005; 50: 151-163.

Yanez M, France A. Effects of fungicides on the development of the entomopathogenic fungus Metarhi-
zium anisopliae var. anisopliae. Chil. J. Agr. Res. 2010; 70: 390-398.

D'Alessandro CP, Padin S, Urrutia MI, Lastra CCL. Interaction of fungicides with the entomopathogenic
fungus Isaria fumosorosea. Biocontrol Sci. Tech. 2001; 21: 189-197.

Jaros-Su J, Groden E, Zhang J. Effects of selected fungicides and the timing of fungicide application on
Beauveria bassiana-induced mortality of the Colorado potato beetle (Coleoptera: Chrysomelidae). Biol.
Control. 1999; 15: 259-269.

Mietkiewski RT, Pell JK, Clark SJ. Influence of pesticide use on the natural occurrence of entomopatho-
genic fungi in arable soils in the UK: field and laboratory comparisons. Biocontrol Sci. Tech. 1997; 7:
565-575.

Jaronski ST. Ecological factors in the inundative use of fungal entomopathogens. BioControl. 2010;
55: 159-185.

Marshall EJP, Moonen AC. Field margins in northern Europe: their functions and interactions with agri-
culture. Agric. Ecosyst. Environ. 2002; 89: 5-21.

Goettel GM, Inglis GD. Fungi: Hyphomycetes. In: Lacey L, editor. Manual of Techniques in Insect
Pathology. Academic Press, San Diego; 1997.

Zimmermann G. Review on safety of the entomopathogenic fungi Beauveria bassiana and Beauveria
brongniartii. Biocontrol Sci. Tech. 2007; 17(5/6): 553-596.

Zimmermann G. Review on safety of the entomopathogenic fungus Metarhizium anisopliae. Biocontrol
Sci. Tech. 2007; 17(9): 879-920.

Bischoff JF, Rehner SA, Humber RA. A multilocus phylogeny of the Metarhizium anisopliae lineage.
Mycologia. 2009; 101: 512-530. PMID: 19623931

Rehner SA, Minnis AM, Sung G, Luangsa-ard JJ, Devotto L, Humber RA. Phylogeny and systematics
of the anamorphic, entomopathogenic genus Beauveria. Mycologia. 2011; 103(5): 1055-1073. doi: 10.
3852/10-302 PMID: 21482632

Chase AR, Osborne LS, Ferguson VM. Selective isolation of the entomopathogenic fungi Beauveria bassi-
ana and Metarhizium anisopliae from an artificial potting medium. Fla. Entomol. 1986; 69: 285-292.

Combs SM, Nathan MV. Soil Organic Matter. Recommended chemical soil test procedures for the
north central region. In: Brown JB, editor. North Central Regional Research Publication Bull. No. 221
(revised). Missouri Agricultural Experiment Station SB 1001, University of Missouri, Columbia, MO;
1998. Available: http://extension.missouri.edu/publications/DisplayPub.aspx?P=SB1001.

Gee GW, Bauder JW. Particle size analysis. In: Klute A, editor. Methods of Soil Analysis, Part 1. Physi-
cal and Mineralogical Methods, 2nd ed. American Society of Agronomy Monograph No. 9; 1986.

Keyser CA, Fernandes EKK, Rangel DEN, Roberts DW. Heat-induced post-stress growth delay: A bio-
logical trait of many Metarhizium isolates reducing biocontrol efficacy? J. Invertebr. Pathol. 2014; 120:
67—-73. doi: 10.1016/}.jip.2014.05.008 PMID: 24909120

Jaronski ST, Jackson MA. Mass production of entomopathogenic Hypocreales. In: Lacey L, editor.
Manual of Techniques in Invertebrate Pathology, 2nd ed. Academic Press, San Diego; 2012.

PLOS ONE | DOI:10.1371/journal.pone.0133613  July 20, 2015 16/17


http://dx.doi.org/10.1126/science.1222289
http://www.ncbi.nlm.nih.gov/pubmed/22723421
http://www.ncbi.nlm.nih.gov/pubmed/19623931
http://dx.doi.org/10.3852/10-302
http://dx.doi.org/10.3852/10-302
http://www.ncbi.nlm.nih.gov/pubmed/21482632
http://extension.missouri.edu/publications/DisplayPub.aspx?P=SB1001
http://dx.doi.org/10.1016/j.jip.2014.05.008
http://www.ncbi.nlm.nih.gov/pubmed/24909120

@’PLOS ‘ ONE

Impact of Cropping Practices on Insect Pathogenic Fungi

34.

35.
36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Gardner WH. Physical and mineralogical methods. In: Klute A, editor. Methods of Soil Analysis, Part 1.
Physical and Mineralogical Methods, 2nd ed. American Society of Agronomy Monograph No. 9; 1986.

SAS. SAS/STAT 9.3 User’s Guide. Cary, NC. SAS Institute Inc; 2012.

Littell RC, Milliken GA, Stroup WW, Wolfinger RD. SAS System for Linear Models. SAS Institute Inc.,
Cary, NC; 1996.

Quinn GP, Keough MJ. Experimental Design and Data Analysis for Biologists. Cambridge University
Press, Cambridge, UK; 2002

Bednarek A, Gaugler R. Compatibility of soil amendments with entomopathogenic nematodes. J.
Nematol. 1997; 29:220-227. PMID: 19274153

Zehnder G, Gurr GM, Kiihne S, Wade MR, Wratten SD, Wyss E. Arthropod pest management in
organic crops. Ann. Rev. Entomol. 2007; 52: 57-80.

Quesada-Moraga E, Navas-Cortes JA, Maranhao EAA, Ortiz-Urquiza A, Santiago-Alvarez C. Factors
affecting the occurrence and distribution of entomopathogenic fungi in natural and cultivated soils.
Mycol. Res. 2007; 111:947-966. PMID: 17766099

de Snoo GR. Unsprayed field margins: effects on environment, biodiversity and agricultural practice.
Landscape Urban Plan. 1999; 46: 151-160.

Vanninen |. Distribution and occurrence of four entomopathogenic fungi in Finland: effect of geographi-
cal location, habitat type and soil type. Mycol. Res. 1996; 100: 93—101.

Bruck D. Impact of fungicides on Metarhizium anisopliae in the rhizosphere, bulk soil and in vitro. Bio-
Control. 2009; 54: 597-606.

Loria R, Galaini S, Roberts DW. Survival of inoculum of the entomopathogenic fungus Beauveria bassi-
ana as influenced by fungicides. Environ. Entomol. 1983; 12: 1724-1726.

Mochi DA, Monteiro AC, Barbosa JC. Action of pesticides to Metarhizium anisopliae in soil. Neotrop.
Entomol. 2005; 34:961-971.

Scheepmaker JWA, Butt TM. Natural and released inoculum levels of entomopathogenic fungal bio-
control agents in soil in relation to risk assessment and in accordance with EU regulations. Biocontrol
Sci. Tech. 2010; 20: 503-552.

Meyling NV, Libeck M, Buckley EP, Eilenberg J, Rehner SA. Community composition, host range and
genetic structure of the fungal entomopathogen Beauveria in adjoining agricultural and seminatural
habitats. Mol. Ecol. 2009; 18: 1282—-1293. doi: 10.1111/}.1365-294X.2009.04095.x PMID: 19226319

Tarasco E, Triggiani O. Occurrence of entomopathogenic nematodes and fungi in oak wood soils from
southern ltaly. IOBC/WPRS Bulletin. 2010; 57: 85-86.

Imoulan A, Alaoui A, El Meziane A. Natural occurrence of soil-borne entomopathogenic fungiin the
Moroccan endemic forest of Argania spinosa and their pathogenicity to Ceratitis capitata. World J.
Microbiol. Biotechnol. 2011; 27: 2619-2628.

National Drought Mitigation Center. United States drought monitor—lowa. 2014. Available: http://
droughtmonitor.unl.edu/MapsAndData/DataTables.aspx. Accessed: 5 February 2014.

Ekesi S, Maniania NK, Lux SA. Effect of soil temperature and moisture on survival and infectivity of
Metarhizium anisopliae to four tephritid fruit fly puparia. J. Invertebr. Pathol. 2003; 83: 157-167. PMID:
12788285

Yagimuma K. Seasonal occurrence of entomopathogenic fungi in apple orchard not sprayed with insec-
ticides. Jpn. J. Appl. Entomol. Zool. 2007; 51:213-220.

Al-Kaisi MM, EImore RW, Guzman JG, Hanna HM, Hart CE, Helmers MJ, et al. Drought impact on crop
production and the soil environment: 2012 experiences from lowa. J. Soil Water Conserv. 2013; 68-
(1):19A-24A.

PLOS ONE | DOI:10.1371/journal.pone.0133613  July 20, 2015 17/17


http://www.ncbi.nlm.nih.gov/pubmed/19274153
http://www.ncbi.nlm.nih.gov/pubmed/17766099
http://dx.doi.org/10.1111/j.1365-294X.2009.04095.x
http://www.ncbi.nlm.nih.gov/pubmed/19226319
http://droughtmonitor.unl.edu/MapsAndData/DataTables.aspx
http://droughtmonitor.unl.edu/MapsAndData/DataTables.aspx
http://www.ncbi.nlm.nih.gov/pubmed/12788285

